Abstract: Untranslated regions (UTRs) of flaviviruses contain a large number of RNA structural 1 elements involved in mediating the viral life cycle, including cyclisation, replication, and 2 encapsidation. Here we report on a comparative genomics approach to characterize evolutionarily 3 conserved RNAs in the 3'UTR of tick-borne, insect-specific and no-known-vector flaviviruses in silico. 
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No-known-vector FVs, other Figure 1 . Maximum-likelihood phylogenetic tree of the genus Flavivirus, highlighting the major groups ISFVs (blue), dISFVs(orange), TBFVs (green), and NKVs (magenta). The MBFV Yellow Fever virus group (YFG) and main MBFV branch (not covered here) were collapsed. The tree has been computed from a MAFFT alignment of complete polyprotein amino acid sequences with iq-tree. employed a cutoff approach, requiring a hit to form at least 75% of all base pairs listed in the CM in 146 order to be considered significant.
De novo discovery of conserved RNA elements

148
Beside characterization of RNAs with homology to known structurally conserved elements,
149
we aimed at identifying novel elements, considering both thermodynamic stability and sequence 150 covariation as evolutionary traits. In this line, locARNA-generated structural alignments of full
151
UTR sequences were cut manually into blocks corresponding to conserved secondary structures. here is that the occurrence of multiple copies hints towards a possible functional role of a structural 156 element, given that the ability of two or more independently evolving sequences to form a common 157 structure is unlikely.
158
The above approach is implemented as a set of custom Perl and Python scripts for semi-automatic 
Results
165
Several flaviviruses have previously been studied in great detail, yielding a varied landscape 166 of repeated RNA sequence and structure elements within the 3'UTRs of these viruses, which are 167 likely to have evolved from numerous duplications [19, 57, 58] . Many of these studies relied on single of flaviviruses, however, has not been available.
171
The comparative approach applied in the present study outperforms single sequence predictions were used as seeds for identification of conserved RNA structures. Fig. 2 shows an overview of refined 182 consensus structures for each ecologic group of flaviviruses analyzed here.
183
The four ecologic groups of flaviviruses show a varied 3'UTR architecture, however, the terminal 184 3' stem-loop structure (3'SL, also referred to as 3' long stable hairpin, 3'LSH) has been shown to be replication element) and we could use it to consistently identify terminal regions within 3'UTRs.
188
Absence of this element from a UTR sequence is indicative of incomplete or truncated sequence data.
189
The underlying sequences generally form a stable stem-loop structure upon structural alignment and 190 single sequence folding. We built individual 3'SL seed alignments and CMs for each ecologic group,
191
termed T.3SL, N.3SL and I.3SL, respectively.
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Tick-borne flaviviruses
193
MacFadden et al. [33] suggested two different exoribonuclease-resistant structures in TBFV 3'UTRs.
194
We used the proposed sequences from TBEV, POWV, Karshi virus (KSIV), Langat virus (LGTV),
195
Louping ill virus (LIV), Omsk hemorrhagic fever virus (OHFV) and Alkhumra hemorrhagic fever 196 virus (ALKV) as templates for a set of initial structural alignments and CMs. These models were then 197 employed to search for high confidence hits within all TBFV 3'UTRs to construct seed alignments of 198 the two exoribonuclease resistant structures in TBFVs, termed T.xrRNA1 and T.xrRNA2. These models 199 allowed us to construct highly specific CMs for both TBFV xrRNAs, which were subsequently used to
200
annotate xrRNA instances in already studied and previously unstudied TBFV species (Fig. 3 a) .
201
The full structural alignment of the 3'UTRs of selected tick-borne species moreover suggests a 202 short stem-loop element in several species, which is characterized by high sequence heterogeneity but 203 heavily conserved structure supported by multiple covariations. Evidence for this element, termed 204 stem-loop 6 (SL6), has been reported earlier for at least TBEV, LGTV and OHFV [57, 58] . We kept this 205 nomenclature and identified the exact position in each TBFV 3'UTR ( Fig. 3 d) .
206
Our data further shows that both TBFV xrRNA CMs (Fig. 2 a) , as well as NKV xrRNA CMs
207
( Fig. 2 b 
3' (((((..((((((((((....) Figure 3. a Annotated 3'UTRs of TBFVs. The phylogenetic tree on the left has been computed from complete coding sequence nucleotide alignments and corresponds to the TBFV subtree in Fig. 1 . For each species with available 3'UTR sequence a sketch of the 3'UTR is drawn to scale next to the leaves of the tree. Colored boxes represent conserved RNA structural elements. Identifiers within the boxes indicate the CM which was used to infer homology at this position. Asterisks indicate incomplete 3'UTR sequences. Species without available 3'UTR are not shown. b Consensus structure plots of CM hits as calculated by mlocarna. c Schematic depiction of the common structural architecture of TBFV 3'UTRs. d,e Structural alignments of elements SL6 and Y1. f Coloring scheme for paired columns.
Fainter colors indicate that some sequences cannot form a base pair. any other ISFV species could be obtained with any of these CMs (Fig. 4 a) . This suggests that both
Classic insect-specific flaviviruses
246
ISFV xrRNAs may represent a specialized class of xrRNA elements only present in CFAV, AEFV and 247 KRV. The 3'UTR of KRV is unique among all known flaviviruses because it harbors an additional copy 248 of the terminal 3' stem-loop element 600 nts upstream of the actual 3'-terminus, supporting previous 249 reports that the KRV 3'UTR has undergone a full duplication during its evolution [59] . vectors. An interesting observation in this clade is that no other CM from any of the four ecologic 255 flavivirus groups shows a hits, not even with remote sequence or structure conservation. We therefore 256 set out to produce a a high quality structural alignment of the complete 3'UTRs of CxFV, QBV and 257 MSFV. Consensus structure folding of the full alignment revealed each species to harbor 3-4 repeats of 258 two highly conserved elements supported by multiple co-varying base pairs (Fig. 4 b, xrRNA-like elements (Fig. 4 a) , with elements 1-3 sharing sequence and structure properties with NKV 268 xrRNAs (Section 3.5), while elements 4 and 5 only conserve N.xrRNAs structure. All five hits can be structurally aligned into a consistent consensus structure (Fig. 4 d conserved elements and interpretation difficult here.
278
Our data suggests that the 3'UTRs of cISFVs, in contrast to TBFVs (Section 3.2 and dISFVs PaRV UTR) of OCFVPT 3'UTR suggests that both viruses might be organized in a similar manner,
286
as supported by earlier reports that these viruses should be classified within the same species [1].
287
For CLBOV and MECDV, no clear pattern of conserved elements can be identified with our CMs. their phylogenetic proximity to MBFVs (Fig. 1) . This association is reflected by good hits of the Rfam 295 covariance models RF00525 (Flavivirus DB element) and RF00465 (Japanese encephalitis virus hairpin 296 structure) in all dISFV isolates studied here (Fig. 5) tick-borne related NKVs, termed N.xrRNA.
313
We found multiple hits of this CM at various loci within the 3'UTRs of tick-borne related NKVs,
314
indicating that these species, in contrast to TBFVs, do not conserve a common 3'UTR architecture 315 (Fig. 6 a) . Surprisingly, we could identify several high-quality hits of the Rfam model RF00525 Conversely, there seems to be no generally conserved 3'UTR architecture among members of the 324 mosquito-borne related NKVs (Fig. 6 c) 
334
Structural alignment and consensus structure prediction revealed all high confidence hits to fold 335 into a common secondary structure (Fig. 7 a, b) . While most of the consensus structure is characterized 
340
We further investigated whether any high confidence hits from I.xrRNA1/2 in cISFVs could be 341 aligned to the generalized xrRNA model. Although both cISFV xrRNAs (Fig. 2 c) we identified another class of xrRNAs in classic insect-specific flaviviruses (I.xrRNA1/2) which appears 377 to be only distantly related to the former class. In the same line, we predicted a set of novel conserved 378 elements in cISFVs that appear in quadruples and do not coincide with other insect-specific elements
379
(I.Ra,I.Rb).
380
While we did not focus on studying the evolutionary history of these groups of elements in detail,
381
our data suggests that many elements share ancestral roots. This is supported by the observation that 382 at least the tick-borne, no-known-vector and Aedes spp. associated xrRNAs fold into a similar Y-shaped 383 substructure, although the exact fold varies significantly among individual species.
384
We compiled a set of covariance models that can be used for rapid screening assays in the 
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